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One of the major failure modes in flexible pavements having thin asphalt surface associates with rutting 
or permanent deformation in a base course layer. Thus the material characterisation in term of permanent 
deformation is important for the mechanistic-empirical pavement design. This study investigated the 
permanent deformation behaviour of a modified granular material used for the base course layer. 
According to the Austroads definition, modified granular materials are granular materials stabilised by 
adding a small amount of stabilising binder such as bitumen, cement or pozzolanic material. The 
performance of the original materials is thus improved with regard to aspects such as strength, plasticity, 
and moisture susceptibility. However, the improvement of tensile strength is not one of the purposes of 
stabilisation. Hydrated cement treated crushed rock base (HCTCRB), which is stabilised with cement, 
was used for this study. HCTCRB is made by blending standard crushed rock base (CRB) with 2% 
cement (by mass of dry CRB) at the optimum amount of water. Then the fresh mixture is cured for 
specified hydration periods. Consequently, the hydrated mixture is returned to the mixer to break the 
cementitious bonds generating during the hydration reaction. This procedure aims to produce a cement-
modified material whilst maintaining unbound base course characteristics. This study evaluated the 
effect of hydration period and moisture content on the permanent deformation of the material. The 
hydration periods of the test specimens varied from 7 to 28 days. The moisture contents ranged from 
60% to 100% of OMC, by wetting and drying the specimen. It was found that the moisture content of 
samples significantly influenced the performance of HCTCRB. However, a consistent performance 
trend over various hydration periods was not conclusive. 
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1 Introduction 
A base course layer acts as a main structural component in flexible pavements having thin asphalt 
surface. One of the major failure modes in pavements associate with rutting or permanent deformation 
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in base course layer. Thus material characterisation and prediction of permanent deformation are 
important for the mechanistic-empirical pavement design. This study aims to investigate the permanent 
deformation behaviour of a modified granular material used for a base course layer in road flexible 
pavements. According to the Austroads definition (Austroads, 2005), modified granular materials are 
granular materials stabilised by adding a small amount of stabilising binder such as bitumen, cement or 
pozzolanic material. The performance of the original materials is thus improved with regard to aspects 
such as strength, plasticity, and moisture susceptibility. However, the improvement of tensile strength 
is not one of the purposes of stabilisation, as producing a bound material must be avoided.  
A modified granular material called hydrated cement treated crushed rock base (HCTCRB) was used 
in this study. HCTCRB is made by blending standard crushed rock base (CRB) with 2% cement (by 
mass of dry CRB) at the optimum amount of water. The fresh mixture is then cured for specified 
hydration periods. Consequently, the hydrated mixture is put to the mixer again (without additional 
water) to break the cementitious bonds generating during the hydration reaction. This procedure aims to 
produce a cement-modified material whilst maintaining unbound base course characteristics.  
The permanent deformation of HCTCRB was evaluated through the repeated load triaxial tests by 
which the test specimens were subjected to multistage of applied stresses continuously. The effects of 
hydration periods and moisture content on permanent deformation of the material were examined.  
2 Materials and Experimental Works 
2.1 Host Materials 
The Standard crushed rock base (CRB) (Main Roads Western Australia, 2012a) samples were 
collected from a local quarry in Perth, and stored in a number of 20 kg plastic containers. The fresh, 
damp CRB samples were placed in an oven to dry at a temperature of between 105 °C and 110 °C for 
24 hours. Dry CRB samples from each of four buckets were then mixed thoroughly, and split using a 
material divider until the required quantity was obtained, in order to minimise any variation between the 
samples. The particle size distribution of CRB is shown in Figure 1; its maximum particle size of CRB 
is 19 mm. The stabilising agent used in this study is General Purpose Portland Cement (GP cement), 




Figure 1: Gradation of crushed rock base (CRB) 




Moisture-density relationship of CRB, CRB-cement, and HCTCRB resulted from modified 
compaction test (Main Roads Western Australia, 2012b) are shown in Figure 2. The maximum dry 
density (MDD) achieved for CRB was 2.3 ton/m3 at an optimum moisture content (OMC) of 5.8 %. 
The MDD and OMC of the CRB-cement mixture were measured at 2.33 ton/m3, and 6.3 % respectively.  
Then HCTCRB was made by blending standard CRB with 2% cement (by mass of dry CRB); the 
typical cement content used in the general manufacturing process in Western Australia. Dry CRB and 
cement were put into a mixer and blended for 5 minutes to allow consistent distribution of cement 
throughout the CRB. The amount of water, 6.3 % (by dry mass of CRB and cement blend) was then 
added to the mixture for a period of 10 minutes until the mixture was uniform in colour and texture. 
Accordingly, the fresh mixture was stored in closed containers, and cured in a temperature-controlled 
room (25 °C) to maintain constant curing conditions for hydration periods of 7, 14 and 28 days. Once 
the desired hydration time was completed, the hydrated mixture was returned to the mixer (without 
additional water) to break the cementitious bonds generating during the hydration reaction. This 
procedure, called a re-treating process, aimed to produce a cement-modified material whilst maintaining 
unbound base course characteristics in order to provide effective material engineering properties. 
Modified compaction tests were then performed on each HCTCRB sample. The moisture–density 







Figure 2: Moisture-density relationship of CRB, CRB-cement, and HCTCRB over various hydration 
periods, derived from modified compaction 
2.3 Specimen Preparation 
Test specimens were prepared at moisture content of 60%, 80% and 100% OMC of HCTCRB which 
achieved by wetting (varied the amount of added water during compaction) and drying (dried the 
cylinder samples after compaction). Triplicate specimens were made for each set of hydration periods 
and moisture contents. The test specimens were produced using a modified compaction method, in a 
standard mould of 100 mm diameter, 200 mm high. Compaction was achieved with 25 blows of a 4.9 
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kg rammer at a 450 mm drop, in 8 layers. Each layer was scarified to a depth of 6 mm prior to compaction 
of the next layer, to assure an effective bond between the layers. After compaction, the specimens were 
dried to achieve the target moisture content of 80% and 60% OMC, and then removed from the moulds. 
The specimens were set up successively upon the test apparatus. The top platen was placed on the 
specimen and a rubber membrane placed over the specimen and both platens. Finally, the sample was 
sealed in the system with o-rings at the top and bottom. 
2.4 Static Triaxial Compression Tests  
Static triaxial compression tests adapted from a quick shear test in accordance with the standard of 
AASHTO T307-99 (AASHTO, 2003) were carried out to determine the total shear strength parameters 
of HCTCRB. The UTM-14P which is usually utilised for the repeated load triaxial tests was used in 
performing this test. A certain amount of confining pressure and an applied static load with an axial 
strain at a rate of 1 percent per minute under a strain-controlled loading procedure are applied to each 
test sample. The material responses in terms of the stress-strain curves were measured from a set of three 
constant confining pressures at 50 kPa, 100 kPa, and 150 kPa.  
2.5 Permanent Deformation Tests 
Permanent deformation (PD) tests were carried out, using a repeated load triaxial (RLT) test in 
accordance with Austroads standard test method AG:PT/T053 (Austroads, 2007). The RLT test 
apparatus comprises a computer with software, a control and data acquisition system (CDAS), a triaxial 
cell connected with a load actuator, and a confining pressure and linear variable differential transducer 
(LVDT). The applied stresses and sample information are defined through the interfacing of the 
computer with the testing software. The cyclic axial stresses and confining stresses are produced from 
a pneumatic control system capable of accurately applying a defined stress. Two external linear variable 
differential transducers (LVDTs) are attached to the top of the triaxial cell to measure the axial 
deformations of the specimens. During the test, the actual values of deviator stresses, confining stresses, 
and sample deformations were measured and acquired by CDAS and then transferred to a computer. 
These values enabled the determination of the resultant stresses and strains in the samples. 
Permanent deformation tests were performed at a constant confining pressure (V3) of 50 kPa 
throughout the tests. Each sample was subjected to three stages of deviator stress (Vd) i.e., 350 kPa, 450 
kPa and 550 kPa. At each stress stage, the machine applied 10,000 cycles of vertical force to a sample. 
The repeated vertical force waveform, lasting for a period of 3 s, comprises a load pulse width of 1 s 
with rise and fall times of up to 0.3 s. 
This set of representative stress regime resulted from the finite element analysis of sprayed seal 
surface on granular pavements with various base thicknesses and base course material types subjected 
to standard axle load (Vuong & Arnold, 2006). A set of deviator stress of 450 kPa and confining stress 
of 50 kPa was founded to be a typical in-service condition under an axle load of 40 kN on each single 
wheel (Vuong & Arnold, 2006). In addition, the deviator stresses of 350 kPa and 550 kPa were also 
assigned for the standard test in order to evaluate the material response subjected to stress conditions 
lower and higher than the typical one. 
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3 Results and Discussion 
3.1 Static Triaxial Compression Tests  
The shear strength parameters of CRB and HCTCRB were previously investigated using scanning 
electron microscopy and static triaxial test by the author (Chummuneerat, 2014). Observation of the 
scanning electron microscope pictures of CRB and HCTCRB conformed well to the static triaxial tests 
which revealed that CRB showed higher internal friction angles but less cohesion than HCTCRB. From 
static triaxial tests, the cohesion and angle of internal friction parameters of CRB were 38 kPa and 59°, 
for HCTCRB these two parameters were 169 kPa and 46°, respectively. The stress-strain relationship 
of HCTCRB resulted from the static triaxial tests is shown in Figure 3a, and then the failure envelope 
of HCTCRB can be drawn as illustrated in Figure 3b. It was evident that the applied stresses for the PD 
test were well below the failure line of HCTCRB. Thus it was expected all test specimens can sustain 




Figure 3: Static triaxial test results (a) stress-strain curves (b) failure envelope 
3.2 Permanent Deformation Tests 
 
Figure 4 shows that permanent deformation of HCTCRB greatly reduced in comparison with that of 
the original material such as CRB. The permanent deformations of both materials are dominated by the 
number of loading cycles as well as the applied load in the testing range. It can be seen that the permanent 
deformation increased dramatically at initial cycles of each stage and then it increased with a marginal 
rates of the remaining cycles. 
All permanent deformation test results for HCTCRB over the rage of hydration periods and moisture 
contents are shown in  
 
 
Figure 5. Based on the shakedown concept, all test results can be classified as “range B - the plastic 
creep” throughout three stages of the test, as the increments of permanent strain from cycle no. 3000 to 
cycle no. 5000 were between 45 to 400 micro-strains (Rahman & Erlingsson, 2014) for all samples.  
 

































Figure 6: Permanent strain at the end of test for hydration period of (a) 7 days (b) 14 days (c) 28 days 
 
 
Figure 6 depicts permanent strains at the end of the test and the changes in permanent strain due to 
increasing and reducing moisture content. The results suggested that in the samples of 28 day-hydration 
period showed the lowest permanent strain at 100% OMC. However, permanent strains of samples at 7, 
14 and 28 days of hydration period were not much different at 80% and 60% OMC. Thus the certain 
trends of PD related to the hydration periods still could not be concluded.   
 
Figure 6 clearly shows that adding water during compaction and dryback (generally performed in the 
field) significantly affects the performance of HCTCRB. In general, a higher amount of water added 
during compaction causes an increase in permanent strain. The dryback process, which aims to achieve 
a drier condition, can reduce the permanent strain. However, permanent strains on drying curves were 
higher than that of the wetting curves at the same moisture content. Thus adding water during 
compaction, even up to the OMC of HCTCRB, resulted in a more defective performance. This effect 
indicates that HCTCRB is still affected by a range of moisture contents.  
4 Conclusion 
This study evaluated the permanent deformation of HCTCRB affected by of hydration period and 
moisture content of the material. The hydration periods of the test specimens varied from 7 to 28 days. 
The specimen moisture contents ranged from 60% to 100% OMC, which achieved by wetting (varied 
the amount of added water during compaction) and drying (dried the cylinder samples after compaction). 
Based on the test results, a consistent performance trend over various hydration periods was not obvious. 
However, the moisture content of samples significantly influenced the performance of HCTCRB. In 
general, permanent strain increased with an increase in moisture content and vice versa. However, 
permanent strains on drying curves were higher than that of the wetting curves at the same moisture 
content. Based on this finding, it should be noted that in the field, adding water to the material in order 
to increase workability in compaction may result in an adverse performance of the HCTCRB. Thus an 
appropriated amount of adding water during compaction should be concerned.  
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